

MASS TRIM MECHANISM 



BACKGROUND OF THE INVENTION 



1 . Field of the Invention 

[0001] The present invention relates to systems and methods for statically and 
dynamically balancing a mechanical structure. Particularly, the present invention 
relates to such systems and methods for space applications. 

2. Description of the Related Art 

[0002] Mass trim mechanisms are used to remove imbalance in a mechanical 
structure such as a spinning spacecraft, sensor, or other payload. Such imbalances can 
create disturbance torques that cause pointing errors in the highly sensitive antennas 
and other instruments on a spacecraft. Typically the spacecraft or payload is 
nominally balanced on the ground using balance weights. Imbalances evident on 
orbit and not removed during ground processing are referred to as "residual 
imbalances". These residual imbalances can result from various sources including 
outgassing, 1-G sag (the effect of going from a 1-G build environment to a zero-G 
operational environment), balancing process uncertainty and deployment repeatability 
errors. 

[0003] Consequently, residual static and dynamic imbalances are typically reduced 
or eliminated during on-orbit testing using mass trim mechanisms. Mass trim 
mechanisms can be used to adjust mass properties in order to correct both static 
imbalances, adjusting the center of gravity (CG), and dynamic imbalances, adjusting 
the products of inertia (POI). Balance corrections can also be made throughout the 
spacecraft life. For example, such adjustments can be necessary as mass properties of 
the spacecraft change as fuel is expended. 
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[0004] Thus, mass trim mechanisms are employed in spacecraft whenever it is 
necessary to adjust the mass properties of the vehicle. The center of gravity position 
is important to maintaining control of the satellite on orbit. For example, a single 
mass trim mechanism can be used on orbiting satellites to adjust the CG position of 
the spacecraft or a significant payload substructure, e.g. a sensor or other payload. In 
addition, when used in combination with one or more other mass trim mechanisms, a 
mass trim mechanism can be used to statically and dynamically balance an entire 
spacecraft, e.g. a spin stabilized satellite. 

[0005] FIGS. 1 A and IB illustrate one example of a typical prior art mass trim 
mechanism that uses a leadscrew. As shown in FIG. 1 A, the movable mass 100 is a 
single lumped element that can be translated in either direction along a slider rail 102 
which supports the mass 100. The movable mass 100 is engaged with a leadscrew 
104. Movement of the mass 100 is facilitated by driving the leadscrew 104 with a 
motor assembly 106 positioned at one end of the leadscrew 104. FIG IB illustrates 
the complexity of movable mass 100 assembly in requiring a large number of parts. 

[0006] FIG. 1C illustrates another prior art mass trim mechanism. In this example, 
the movable mass is enclosed within the housing 108. The end of the leadscrew 104 
is visible at end of the housing 108 and the motor assembly 106 to drive the leadscrew 
104 is shown at the other end of the housing 108 . 

[0007] FIG. ID illustrates yet another example of a prior art mass trim mechanism. 
In this case, the motor assembly 106 is attached to the movable mass 100 and 
effectively becomes part of the moveable mass 100. The motor assembly 106 and 
movable mass 100 together translate along the leadscrew 104 to adjust the spacecraft 
mass properties. Merging the motor assembly 106 with the movable mass effectively 
improves the overall mass efficiency of the design when compared to the designs of 
FIGS 1A-1C, above. However, power and control of the mechanism must be brought 
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to the movable mass 100 through wiring 1 10. This complicates the design of FIG. ID 
and potentially undercuts the overall reliability. 

[0008] The critical performance measurement of a mass trim mechanism can be 
defined as the amount of moveable mass times the maximum travel length. This 
figure indicates the maximum amount of influence that the mass trim mechanism can 
have on the mass properties of the attached mechanical structure. The additional 
components of the mechanism (i.e., everything except the movable mass) can be 
described as the mass overhead. All of the foregoing mass trim mechanisms use a 
mass that translates along a leadscrew 104. Such designs are inefficient in terms of 
the amount of movable mass and the travel distance relative to their total mass. Mass 
efficiency can be roughly defined as the movable mass divided by the total mass. 

[0009] Another problem associated with conventional mass trim mechanisms is that 
they present problems being secured during launch. Prior to launch, the mass is 
typically positioned so that the center of gravity of the associated mechanical structure 
is nominally positioned. Accordingly, the movable mass is usually centered on the 
leadscrew, allowing the maximum adjustment in either direction after the satellite has 
achieved its orbit. In addition, if the mechanism fails during launch, negative impact 
on the mission is minimized. However, positioning the movable mass in the center of 
the leadscrew for launch presents some difficulty in securing the mechanism. The 
leadscrew and supporting structure must be sized to survive the launch loads while in 
this configuration. If longer travel or a larger mass are required, a larger and heavier 
leadscrew and support structure are needed. Alternately, an additional locking 
mechanism can be used to secure and support the movable mass during launch. In 
any case, these solutions add further to the overhead mass, complexity and cost of 
developing and delivering conventional mass trim mechanisms and potentially 
negatively impact reliability. 
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[001 0J Accordingly, there is a need for mass trim mechanisms and methods which 
minimize mass overhead and increase mass efficiency. There is further a need for 
such mechanisms and methods which provide greater performance, i.e. more movable 
mass and/or a increased displacement distance. There is also a need for such 
mechanisms and methods which are simple, less costly and easily locked for launch. 
As detailed hereafter, these and other needs are met by the present invention. 

SUMMARY OF THE INVENTION 

[0011] This invention presents an apparatus and method for adj usting the center of 
gravity position of a mechanical structure. An exemplary apparatus includes a storage 
spool, an output spool and a flexible material having a first end coupled to the storage 
spool and a second end coupled to the output spool. The flexible material has a length 
distributed between windings of the storage spool and the output spool to adjust mass 
properties of an attached structure. 

[0012] In some embodiments, the storage spool can be spring loaded to wind the 
flexible material onto the storage spool. A motor assembly is used to wind the 
flexible material between the storage spool and the output spool. The motor assembly 
can comprise a stepper motor and a gearhead assembly. In a typical embodiment, the 
storage spool is spring loaded to wind the flexible material onto the storage spool and 
the motor assembly is alternately controlled to allow the flexible material to wind 
onto the storage spool and to overcome the spring loading and wind the flexible 
material onto the output spool. 

[0013] In some embodiments, the flexible material can comprise either a metal 
ribbon or a wire. The metal ribbon can comprise a spring that spring loads itself onto 
the storage spool. 
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[0014] In further embodiments, the flexible material can have either a direct or an 
indirect path between storage spool and the output spool. An indirect path can be 
constructed using one or more guides, e.g. pulleys or pins, to route the flexible 
material. In addition, one or more guides can be employed can be employed to 
support the flexible material, such as during a launch environment. Latches can also 
be employed to prevent the flexible material from being damaged or disengaged from 
the spools, particularly in embodiments which employ a spring as the flexible 
material. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] Referring now to the drawings in which like reference numbers represent 
corresponding parts throughout: 

[0016] FIGS. 1 A-1D illustrate some prior art mass trim mechanisms; 

[0017] FIGS. 2A-2C are schematic diagrams of an exemplary embodiments of the 
invention; 

[0018] FIGS. 3A-3D are drawings of an exemplary embodiment of the invention; 

[0019] FIGS. 3E-3I are detailed drawings of an second exemplary embodiment of 
the invention; 

[0020] FIG. 4A is a flowchart of an exemplary method of mass trimming according 
to the present invention; and 

[0021] FIG. 4B illustrates an arrangement of mass trim mechanisms in an 
exemplary spin stabilized spacecraft. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 



[0022] In the following description of the preferred embodiment, reference is made 
to the accompanying drawings which form a part hereof, and in which is shown by 
way of illustration a specific embodiment in which the invention may be practiced. It 
is to be understood that other embodiments may be utilized and structural changes 
may be made without departing from the scope of the present invention. 

1. Mass Trim Mechanism Schematics 

[0023] FIG. 2A is a schematic drawing of an exemplary embodiment of the 
invention. A mass trim mechanism 202 is operated to adjust the mass properties of 
the attached mechanical structure 200 (e.g., by adjusting the center of gravity position 
212 of the mass within the mechanism 202). The exemplary mass trim mechanism 
202 comprises a storage spool 204 and an output spool 206 which are disposed a 
distance 208 apart from each other. A flexible material 210 has a first end coupled to 
the storage spool 204 and a second end coupled to the output spool 206. The length 
of flexible material 210 is distributed between windings 214 on the storage spool 204 
and the output spool 206. Controlling the distribution of flexible material 210 
between the windings 214 of the storage spool 204 and the output spool 206 adjusts 
the center of gravity position 212 as the mass of the flexible material 210 is 
transferred between the spools 204, 206. 

[0024] The adjusted center of gravity position 212 is shown directly between the 
two spools 204, 206 with arrows indicating a change alternately toward either of the 
two spools 204, 206. This indicates approximately the position and adjustment 
directions of the center of gravity of the mass trim mechanism 202. As is well known 
in the art, this adjustment of the center of gravity position of the mass trim mechanism 
202 can be employed to statically and/or dynamically balance the attached structure 
200. 
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[0025] The flexible material 210 can comprise a wire, metal tape or any other 
suitable medium which can be wound onto the spools 204, 206. For embodiments of 
the present invention, all of the flexible material in the windings 214 is the movable 
mass. However, it is interesting to note that the mass overhead includes the span of 
flexible material 210 across the distance 208 between the storage and output spools 
204, 206. This is because this amount of material is a constant that never accumulates 
on either of the spools 204, 206. A thin cross section is desirable in order to minimize 
the mass overhead of the flexible material 210 in the separation distance 208. A thin 
cross section also increases the operating resolution of the mass adjustment - less 
mass is moved for the same change in motor position. Resolution can also be 
increased by employing a smaller spool diameters and a narrower flexible material 
width (e.g. a wire will yield a particularly high resolution) as well as changing the 
motor and gearhead. Overall, a wider separation distance 208 is preferable, if 
possible, to improve the overall benefit resulting from the minimized mass overhead 
in the separation distance when compared with conventional designs. 

[0026] Distributing the windings 2 1 4 of flexible material 210 between the spools 
204, 206 can be accomplished by any suitable drive arrangement. For example, in 
one embodiment one of the spools, e.g. the storage spool 204, is spring loaded to wind 
the flexible material 210 onto itself. A motor assembly attached to the other spool 
206 is used to control the distribution of flexible material 210 between the two spools 
204, 206. Driven in the forward direction, the motor assembly draws the flexible 
material 210 from the storage spool 204 to the output spool 206. If the motor 
assembly is driven in reverse, the spring loaded storage spool 204 draws the flexible 
material 210 back from the output spool 206. 

[0027] In one notable embodiment the flexible material 210 can be formed from a 
metal tape of spring steel. In this case, the spring is coupled to the storage spool 204 
and coupled and bent backward and attached to the output spool 206, i.e., referred to 
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as motor form B. (Other designs can employ a metal tape coiled in the same 
direction, i.e., motor form A.) The motor assembly preferable includes stepper motor 
and a gear train. However, controlled DC motors and any other suitable drive source 
for controlling the distribution of flexible material 210 between the two spools 204, 
206 can also be used. 

[0028] FIG. 2B is a schematic drawing of a further embodiment of the present 
invention. The embodiment of FIG. 2 A shows the flexible material 210 having a 
direct path between the storage and output spools 204, 206. In FIG. 2B, a single 
guide 216 is used to allow the flexible material 210 to have an indirect path between 
the spools 204, 206. In this embodiment, the flexible material 210 is routed from the 
storage spool 204, around the guide 216, to the output spool 206. Thus, the invention 
affords much greater flexibility in the design layout on the underlying mechanical 
structure. Although the adjustment to the center of gravity position still occurs as 
discussed above (along a line of action between the two spools 204, 206), this 
embodiment can be employed with intervening structural elements 218. This 
represents a significant advantage over prior art mass trim mechanisms, which require 
an unobstructed straight line path for adjusting mass. 

[0029] The guide 216 can be any suitable carrier for the moving flexible material 
210. For example, a pulley, bushing or a simple pin can be used depending upon the 
design requirements of the mass trim mechanism 202. Embodiments need not be 
mounted to the same base as a self-contained mechanism. This can be important 
where one or more guides 216 are employed to form an indirect path for the flexible 
material 210. Such mechanisms can be integrated into the underlying mechanical 
structure 200, i.e. the spools 204, 206 and guides 216 will be individually mounted 
and integrated into the structure 200 as a system. 
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[0030] FIG. 2C is a schematic drawing of yet another embodiment of the present 
invention. In this case, more than one guide 216A, 216B is used to illustrate how 
even very large intervening structural elements 218 can be accommodated by the 
present invention. 

2. Exemplary Mass Trim Mechanisms 

[0031] FIG. 3 A is a drawing of a top view an exemplary embodiment of the 
invention. The exemplary mass trim mechanism 300 includes a mounting base 302 
for supporting the affixed storage and output spools 304, 306. A metal tape which 
acts as a spring 308 (such as a known constant force spring) is employed as the 
flexible material, with windings 310 distributed between the two spools 304, 306. 
The spring 308 can be arranged on the spools 304, 306 so that it is biased to wind 
itself onto the storage spool 304 with a substantially constant force. 

[0032] The constant force spring 308 of known mass has a natural radius of 
curvature just smaller than the storage spool 304. The spring 308 is wrapped around 
the storage spool 304 normally and is back-bent around the output spool 306. If 
unrestrained, the spring. 308 will wind up around the storage spool 304. This 
produces a substantially constant torque at the slightly larger output spool 306. For 
more information regarding the design characteristics of constant force springs, see F. 
A. Votta, "The Theory and Design of Long-Deflection Constant-Force Spring 
Elements" Transactions of the ASME, 1952, pp. 439-450, which is incorporated by 
reference herein. 

[0033] FIG. 3B is a drawing of a side view the exemplary embodiment FIG. 3A. 
The output spool 306 can be mounted on a stepper motor 314 and gearhead 316 
assembly 312. The detent of the stepper motor 314 keeps the output spool 306 from 
rotating while the stepper motor 314 is not being used. The storage spool 306 is 
mounted on bearings and is located a distance 318 from the output spool 306. The 
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movable mass (i.e., the spring 308) is transferred from one spool to the other by 
commanding the motor 3 14 to move a known number of steps; forward to wind the 
spring 308 onto the output spool 306 and backward to wind onto the storage spool 
304. The balance resolution can be increased or decreased by using a motor 314 with 
a different number of steps per revolution, selecting a different gearhead 316 ratio, 
and by varying the width, thickness and/or density of the flexible material or spring 
308, as previously discussed. 

[0034] FIGS. 3C and 3D are drawings of section views of the output spool and 
storage spool, respectively, of the exemplary embodiment FIG. 3 A. As shown in FIG. 
3C, the output spool 306 is mounted directly onto the shaft 320 of the gearhead 316. 
Bearing support is internal to the gearhead 316. The storage spool 304 of FIG. 3D is 
shown supported by two bearings 322A, 322B on a shaft 324 affixed to the base 302. 

[0035] Embodiments of the present invention possess great design flexibility. 
Significant changes in movable mass and travel length can be accommodated without 
adding significant overhead mass. The mass can be changed easily by using a shorter 
or longer spring. This leads to a family of designs with a common qualification test 
history, a significant asset when pursuing approval for space applications. The 
balance resolution can also be changed easily by varying the width and thickness of 
the spring, using a motor with a different number of steps per revolution, and/or by 
varying the gearhead ratio. 

[0036] In addition, in embodiments which employ the constant force springs, either 
A Motor Form or B Motor Form of the constant torque spring can be used and the 
output spool and motor and gearhead can be configured in numerous ways, depending 
on space and mass constraints for the particular application. See F. A. Votta, "The 
Theory and Design of Long-Deflection Constant-Force Spring Elements" 
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Transactions of the ASME, 1952, pp. 439-450 for a thorough discussion of spring 
configurations (i.e., Motor Forms). 

[0037] FIG. 3E is a detailed drawings of an second exemplary embodiment of the 
invention. Similar to the embodiment shown in FIGS. 3A-3D, this mass trim 
mechanism 330 employs a stepper motor 314 and gearhead 316 assembly 312 to 
control distribution of the spring 308, i.e., the flexible material, between windings 310 
on the storage spool 304 and the output spool 306. This mass trim mechanism 330 
also includes a central guide 332 which acts as a support of the spring 308 during 
launch. 

[0038] In addition, the mechanism 330 includes a latches 334A, 334B on the storage 
spool 304 and output spool 306, respectively. These latches 334A, 334B are spring 
loaded against the windings 310 of the spring 308 on the spools 304, 306. The spools 
304, 306 each have at least one notch (not shown) such that when the spring is 
unwound to the point which exposes the notch, the latch 334A, 334B falls into the 
notch and prevents it from unwinding any further. In this way the spring 308 is 
prevented from unwinding until it is damaged or disengages from the spools 304, 306. 

[0039] FIGS. 3F and 3G are respectively a top view and a side view of the second 
exemplary embodiment of the invention. As shown in FIG. 3F, in this exemplary 
embodiment the guide 332 is not used to form an indirect path as previously 
discussed; the path is substantially direct. 

[0040] FIG. 3H is detailed drawing of the storage spool assembly of the second 
exemplary embodiment of the invention. In this embodiment, radial contact bearings 
336A, 336B support the storage spool 304 on the shaft 338. Bearing preload is 
controlled through a spring washer 340 at the capped end of the shaft 338. The output 



11 



PD-02-1026 

147.140-US-01 



spool 306 is similarly constructed. However, the output spool 306 is driven by an 
output shaft from the motor/gearhead assembly 312. 

[0041] FIG. 31 is a detailed drawing of the roller guide of the second exemplary 
embodiment of the invention. The roller guide 332 also includes radial contact 
bearings 342A, 342B which are supported on a shaft 344 with bearing preload 
controlled through a spring washer 346 as shown. 

[0042] As previously discussed, one of the primary design goals of any mass trim 
mechanism is to have a high mass efficiency. This is generally accomplished by 
increasing the amount of movable mass and/or the mass travel range while 
minimizing the mass overhead. 

[0043] Conventional mass trim mechanisms have a mass centered on a long 
leadscrew. Substantial structural mass is required to survive launch loads. This 
problem only worsens as the travel range or mass is increased for these existing 
mechanisms. Because embodiments of the present invention locate the movable mass 
directly above the mounting location to the spacecraft (the shafts which support the 
spools), less structural mass is required to survive launch loads. The mass and travel 
range can be increased with only minimal increases to the structural nonmoving mass. 
Thus, embodiments of the present invention have a much higher mass efficiency than 
typical known mass trim mechanisms. 

[0044] As shown above, embodiments of the invention are very simple in terms of 
the number and complexity of parts used in a typical design. A common gearhead 
and motor subassembly can typically be used to drive the mechanism. All other 
necessary parts are basic and relatively inexpensive to obtain. Conventional mass 
trim mechanisms such as those that use a mass translating on lead- or ball-screws are 
much more difficult to design and test and manufacture. The simplicity of 
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embodiments of the present invention leads to reduced costs, faster build cycle times, 
and higher reliability. In addition, the present invention possesses many other 
advantages over conventional mass trim mechanisms. 

[0045] For example, removing backlash in a geartrain, such as gearhead 314, is 
generally another problem that complicates mechanism designs, including traditional 
mass trim mechanism designs. However, the present invention solves this problem in 
a simple and reliable way. In embodiments which use a spring loaded storage spool 
306, the spring 308 loading tends to preload out the backlash the gearhead 314. 
Traditional mass trim mechanisms typically require a separate, more complicated 
approach to address this issue. Traditional designs also have difficulty protecting 
against backdriving of the motor due to launch loads or centrifugal loading. 
However, embodiments of the present invention eliminate this problem since the mass 
tends to be balanced about the drive train components. 

[0046] Also, because the present invention locates the mass directly over the 
mounting location, i.e. the spools, thus allowing larger movable masses and longer 
travel ranges to be used without adding significant weight to the supporting structure 
in order to survive launch loads. This invention is therefore more efficient than 
traditional mass trim mechanisms. 

[0047] Furthermore, typical mass trim mechanisms using a leadscrew require a 
cover to keep contaminants or other debris from potentially restricting the movement 
of the leadscrew (and mass). In contrast, embodiments of the present invention are 
less susceptible to snagging and jamming because moving components (e.g., spools 
and flexible material) are not sensitive to jamming from contaminants. 
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3 . Method of Mass Trimming in Space Applications 

[0048] FIG. 4A is a flowchart of an exemplary method 400 of mass trimming 
according to the present invention. The method 400 begins at step 402 where a 
storage spool is provided. Next, at step 404 an output spool is provided. At step 406, 
a first end of a flexible material is coupled to the storage spool. At step 408, a second 
end coupled of the flexible material to the output spool. Finally at step 410, a length 
of the flexible material is distributed between windings of the storage spool and the 
output spool to adjust mass properties of an attached structure. 

[0049] FIG. 4B illustrates an exemplary arrangement of mass trim mechanisms in a 
spin stabilized spacecraft. Adjustment of the mass properties of the attached structure 
412 of the spacecraft can typically include statically and dynamically balancing the 
structure by adjusting the CG and/or the products of inertia of the structure. The 
structure 412 has a spin axis 414 parallel to the Z axis approximately as shown. Static 
imbalance of the attached structure 412 can be reduced or eliminated by using two 
mass trim mechanisms 416A, 416B in a common plane perpendicular to the spin axis 
414 and oriented perpendicular to one another to adjust the CG position within the 
plane. Mass trim mechanism 416A is aligned along an axis parallel to the Y axis and 
mass trim mechanism 416B is aligned along an axis parallel to the X axis as shown. 
Furthermore, dynamic imbalance can be reduced or eliminated by using two other 
mass trim mechanisms 41 8A, 41 8B mounted parallel to (and offset from) the spin axis 
414 in planes with the spin axis perpendicular to each other. These mass trim 
mechanisms 418A, 418B adjust the products of inertia of the attached structure 412. 

[0050] However, it should be noted that use of the invention is not limited to the 
exemplary configuration of FIG. 4B. Other configurations and applications of the 
invention will be readily apparent to those skilled in the art. In general, the invention 
can be employed wherever adjustment of the mass properties of an attached structure 

14 

PD-02-1026 

147,140-US-01 



is desired. The method 400 can be further modified in the same manner as the 
apparatus embodiments previously described, 

[0051] This concludes the description including the preferred embodiments of the 
present invention. The foregoing description of the preferred embodiment of the 
invention has been presented for the purposes of illustration and description. It is not 
intended to be exhaustive or to limit the invention to the precise form disclosed. 
Many modifications and variations are possible in light of the above teaching. 
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